The electroweak Higgs boson has been discovered in ongoing experiments at the LHC, leading to a mass of this particle of 126 GeV. This Higgs boson mediates the generation of mass for elementary particles, including the mass of elementary (current) quarks. These current-quark masses leave 98% of the mass of the atom unexplained. This large fraction is mediated by strong interaction, where instead of the Higgs boson the σ meson is the mediating particle. Though already discovered in 1957 by Schwinger, the σ meson has been eliminated from many theories of hadron properties because it had not been observed and was doubted to exist. With the observation of the σ meson in recent experiments on Compton scattering by the nucleon at MAMI (Mainz) it has become timely to review the status of experimental and theoretical researches on this topic.
Introduction
Modern cosmology teaches us that matter is composed of three contributions, (i) dark energy, amounting to 68.3% of the total matter (see e.g. [1] ), (ii) dark matter, amounting to 26.8% of the total matter (see e.g [1] ).and (iii) normal or visible matter amounting to 4.9% of the total matter. Dark energy is related to space and has the property of expanding the universe with increasing velocity. Dark matter is observed in the dynamics of galaxies. The spiral arms of galaxies at large distances from the center move with much larger velocities than expected from Kepler's third law if only normal matter is taken into account. With additional matter which only interacts via gravitational forces Keppler's third law can be preserved. This leads to the notion of dark matter which also shows up in other phenomena, e.g. gravitational lenses.
Normal or visible matter consists of atoms, ions and electrons where the by far largest part of the mass is provided by nucleons in free space or bound in nuclei. The nucleons consist of three quarks having current-quark masses of m MeV for the up quark and the down quark, respectively, where the ranges take into account that these masses are scale dependent. These current-quark masses are the ones which enter into the standard model and, thus, are attributed to the Higgs boson. This means that the Higgs boson is responsible for only 2% of the visible matter, whereas 98% are missing. There are different explanations for the missing 98% of the mass of the nucleon. One frequently cited explanation makes use of the kinetic energies of the current quarks and of the gluon content of the nucleon and there are proposals to generate the nucleon mass via computer simulation on the lattice. These explanations disregard that there are much more appropriate explanations, which make use of effective theories describing the low-energy limit of QCD. These effective theories make use of the σ meson, a low-mass sibling of the Higgs boson, which creates masses of the constituent quarks of 326 MeV in the chiral limit, i.e. for the case that the effects of the Higgs field are turned off. Adding these masses together a nucleon mass of ∼ 980 MeV is obtained which is increased to ∼ 1 GeV after the Higgs field is turned on. This predicted nucleon mass is larger than the observed nucleon mass by ∼ 20 MeV per constituent quark. The necessary subtraction of ∼ 20 MeV per constituent quark corresponds to the binding energy of ∼ 8 MeV per nucleon observed in the nucleus on the average. This tentative interpretation is reasonable because the mesonic component of the forces between constituent quarks in a nucleon and nuclear forces are of the same origin [2] . In the nucleon an additional component due to gluon exchange is expected.
The 2013 Nobel Prize in Physics has been awarded to François Englert and Peter Higgs "for the theoretical discovery of a mechanism that contributes to our understanding of the origin of mass of subatomic particles, and which recently was confirmed through the discovery of the predicted fundamental particle, by the ATLAS and CMS experiments at CERN's Large Hadron Collider". This award followed a related one where one half of the 2008 Nobel Prize in Physics was awarded to Yoichiro Nambu "for the discovery of the mechanism of spontaneous broken symmetry in subatomic physics". In order to understand the importance of this latter award it is very important to read the Nobel Lecture which was presented by Giovanni Jona-Lasinio, a younger coauthor of the famous Nambu-Jona-Lasinio model [3] published in 1961. This Nobel Lecture having the title "Spontaneous symmetry breaking in particle physics: A case of cross fertilization" describes the way from superconductivity to particle physics which led to the NambuJona-Lasinio (NJL) Lagrangian
As pointed out in the Nobel Lecture this equation describes an isovector 0 − pion and an isoscalar 0 + . In the standard model of particle physics, the NJL model may be regarded as an effective theory for the QCD with respect to generation of the so-called constituent masses. In analogy to different descriptions of superconductivity the NJL model goes over to the linear σ model (LσM) of Gell-Mann and Lévy [4] . In the Nobel Lecture Nambu makes the important statement: "If this analogy turns out real, the Higgs field might be an effective description of the underlying dynamics." This Higgs field is the Higgs field of strong interaction represented by the σ meson.
An explanation of the constituent-quark mass in terms of symmetry breaking mediated by the σ meson remained uncertain as long as the σ meson had not been observed. This, however, has changed dramatically in the last years after the σ meson has been observed as part of the constituent-quark structure via Compton scattering by the nucleon. This experiment was carried out at MAMI (Mainz) and published in 2001 [5, 6] . The final interpretation of the results obtained required some further theoretical studies which were published in 2010 [7] , 2011 [8] and 2013 [9] . Through this experimental and theoretical work the σ meson is by now well investigated and the process of mass generation of constituent quarks well understood.
For the Higgs boson the theoretical research started with the work of Goldstone (1961 [10] and 1962 [11] ) where it was shown that spontaneous symmetry breaking leads to massless particles in addition to a heavy particle. This is not a problem for the σ meson where the light π mesons are massless in the chiral limit and have only a small mass as real particles, serving as pseudo-Goldstone bosons. For the Higgs boson these massless Goldstone bosons are strongly unwanted particles because they seem not to be present in nature. Therefore, in a number of papers scenarios were developed leading to symmetry breaking without Goldstone bosons. This essential modification is related to the introduction of massless gauge boson which swallow the Goldsone bosons and in this way generate mass and a longitudinal field component. In parallel to the work of Higgs [12, 13] two other groups, Englert-Brout [14] and Guralnik-Hagen-Kibble [15] worked on electroweak symmetry breaking, so that -in the order of priority -the mechanism of mass generation of the electroweak gauge boson was temporarily called the Englert-BroutHiggs-Guralnik-Hagen-Kibble mechanism. There are ongoing experiments at the LHC where the mass of the supposed Higgs boson was determined in 2012 to be 126 GeV. The related Nobel Prize was awarded in 2013 to only two researchers, Englert and Higgs, because of priority and because Brout passed away shortly before. The now official name of the mechanism is Brout-Englert-Higgs (BEH) mechanism.
Nowadays the origin of the theory of spontaneous symmetry breaking is most frequently attributed to the work of Peter Higgs [12, 13, 16] . But it was Peter Higgs himself who correctly pointed out [16] , that vacuum expectation values of scalar fields might play a role in breaking of symmetries was first noted by Schwinger [17] . This means that strong and electroweak symmetry breaking both can be traced back to the seminal work of Schwinger [17] and that the introduction of the σ meson inspired the electroweak symmetry breaking, though these two processes take place at completely different scales. The interest in this interplay between the two sectors of symmetry breaking is of importance up to the present.
In the following section Schwinger's seminal ideas are described. Thereafter it is shown how the NJL model is related to the LσM. Furthermore, the formal equivalence of the LσM and the electroweak Glashow-Weinberg-Salam (GWS) theory of the standard model is briefly pointed out. This formal equivalence is complete only for the scalar Higgs (σ) part but not for the Goldstone boson part. As stated above, in the electroweak GWS theory the Goldstone bosons do not exist as observable particles but are transferred into the longitudinal components of the electroweak gauge bosons via the BEH mechanism and in this way give the electroweak gauge bosons a mass. In case of the NJL and the LσM models the Goldstone bosons are identical with the triplet of π mesons and thus are explicitly existing particles.
Schwinger's σ meson
In 1957 Schwinger [17] was interested in the question why particles of different masses exist though from the point of view of theoretical physics a World with massless particles would be much simpler or, in other words, much more symmetric. Schwinger was aware of the fact that this question was of fundamental importance and, therefore, he gave his paper the title "A Theory of the Fundamental Interactions". As an abstract he cites A. Einstein with the words "The axiomatic basis of theoretical physics cannot be extracted from experiments but must be freely invented". The purpose of the paper was to present a description of the stock of elementary particles within the framework of the theory of quantized fields, which had been a subject of Schwinger's research in the years before [18] . In [17] Schwinger reconsiders the σ meson accompanying the triplet of π mesons, a topic which he had first discussed in [19] . The important point he is making is that the absence of such a stable or metastable particle does not necessarily mean that a field of the corresponding type does not exist. If the σ-field were scalar, as contrasted with the known pseudoscalar character of the π field, and the σ-meson had a mass greater than 2m π , then the σ-meson would be highly unstable against rapid disintegration into two π-mesons. Therefore, the σ meson has a high probability to escape experimental observation.
As a first application the mass of the µ-lepton is discussed by Schwinger [17] . Within a theory of quantized fields the σ-meson corresponds to a σ-field φ (0) . As a field which is scalar under all operations in the three-dimensional isotopic space and in space-time, φ (0) has a nonvanishing expectation value φ (0) . Then one could at least anticipate that a suitable µ-lepton mass constant might emerge from g µ φ (0) without requiring a particularly large coupling constant g µ .
Translated into present-day language Schwinger introduced a generic equation between the mass m of a particle and the vacuum expectation value of a scalar field φ (0) given in the form m ∝ g φ (0) .
For the purpose of the present paper we translate Eq. (2) into three related equations, viz.
and m
Eqs. (3) and (4) relate the lepton and current-quark masses, respectively, to the electroweak vacuum expectation value v of the Higgs field and Eq. (5) the constituent quark mass in the chiral limit (cl), where the effects of the Higgs field are turned off, to the pion decay constant f cl π in the chiral limit. In case of Eqs. (3) and (4) the Higgs-lepton and Higgs-quark coupling constants g Hll and g Hqq can be calculated from the known electroweak vacuum expectation value v = 246 GeV and the known lepton mass m l and current-quark mass m 0 q , respectively. In case of Eq. (5) the pion decay constant in the chiral limit is f cl π = 89.8 MeV and g σqq = 2π/ √ 3 = 3.62. More details will be given later.
In a second application of the σ-meson Schwinger [17] discussed the mass difference between the charged gauge bosons of weak interaction and the photon. In this work Schwinger had almost all the ingredients to construct the SU(2)×U(1) electroweak theory. Schwinger suggested the problem to Sheldom Glashow for further investigation. This led to the work of Sheldon Glashow [20] six years before that of Steven Weinberg [21] . Glashow, Weinberg and Abdus Salam [22] shared the Nobel Prize (1979) for the unification of weak interaction with electromagnetism. In this theory the masses of the three vector bosons of weak interaction are generated via the BEH mechanism, where the Goldstone bosons of electroweak symmetry breaking are transformed into the longitudinal field components and thus giving these three vector bosons a mass.
In (3) - (5) two sources of mass are discussed, viz symmetry breaking mediated by the Higgs field (Eqs. 3 and 4) and spontaneous symmetry breaking mediated by the σ field (Eq. 5). These are the main sources of mass generation. In case of strong interaction there are in addition dynamic effects related to excited states, the interaction of spins and effects due to gluons where the latter effects show up in the form of glueballs and the U A (1) anomaly.
3 Summary on the Nambu-Jona-Lasinio model and the linear σ model
The Lagrangians of the NJL model [3, [23] [24] [25] [26] [27] [28] for the number of flavors N f = 2 are given by
In Eq. (6) the interaction between the fermions is parameterized by the four-fermion interaction constant G and explicit symmetry breaking by the average current-quark (6) by the fact that the interaction is described by the exchange of bosons. This leads to the occurrence of a mass counter term parameterized by δµ 2 . This mass counter term may be identified with the mass squared (m cl σ )
2 of the σ meson in the chiral limit. Eq. (8) shows how the two couplings constants G and g are related to each other.
The use of two versions of the NJL model has the advantage that for many applications the four-fermion version is more convenient whereas the bosonized version describes the interaction of the constituent quark with the QCD vacuum through the exchange of the (π, σ) meson quartet which we consider as the true description of the physical process.
In the chiral limit we may write
where the four-fermion coupling constant G is replaced by a σ-meson propagator in the limit q 2 → 0, with q being the momentum carried by the σ meson.
The bosonized version may be obtained with the following ansatz [25] 
where theqq structure of the (π, σ) meson quartet is given by
The NJL model is not complete at this point and, accordingly, has to be supplemented. Using diagrammatic techniques the following equations may be found [26, 27] for the nonstrange (π, σ) sector
The expression given on the l.h.s. of (13) is the gap equation with M * being the mass of the constituent quark with the contribution m 0 of the current quarks included. The r.h.s. shows the gap equation for the nonstrange (nn) constituent-quark mass M in the chiral limit. The l.h.s. of Eq. (14) represents the pion decay constant and the r.h.s. the same quantity in the chiral limit. For further details we refer to [29, 30] .
Making use of dimensional regularization the Delbourgo-Scadron [29] relation
may be obtained from the r.h.s of Eqs. (13) and (14) . This important relation shows that the mass of the constituent quark in the chiral limit and the pion decay constant in the chiral limit are proportional to each other. This relation is valid independent of the flavor content of the constituent quark, e.g. also for a constituent quark where the d-quark is replaced by a s-quark. Furthermore, it has been shown [31] [32] [33] that (15) is valid independent of the regularization scheme.
From (15) we obtain for the constituent-quark mass in the chiral limit
where use is made of f cl π = 89.8 MeV. The mass m σ of the σ meson including the effects of explicit symmetry breaking may be obtained from
wherem π is the average pion mass.This equation has been derived in the NJL as well as in the LσM. Numerically this leads to
As discussed in Nambu's Nobel Lecture it is of interest to compare the NJL model with the linear σ model (LσM) [4, 34, 35] . The LσM may be written in terms of three contributions, a fermion, a boson and an explicit contribution:
Eq. (19) is the fermion part of the LσM Lagrangian formulated on the quark level, Eq. (20) the same relation after the shift of the σ field
has been carried out. This shift leads to a mass term in the fermion part of the Lagrangian and to a constituent-quark mass in the chiral limit of
Eq. (24) is the same as Eq. (15) for the meson-quark coupling constant whereas the LσM leaves this quantity undetermined. This is a beautiful example for the fact that the NJL model has a higher predictive power than the LσM. Explicit symmetry breaking is taken into account by the last term (22) which vanishes in the chiral limit m π → 0.
Eq. (21) describes spontaneous chiral symmetry breaking in terms of fields where a Mexican hat potential
is introduced, parameterized by the mass parameter µ 2 > 0 and the self-coupling parameter λ > 0. The minimum of the potential defines the vacuum expectation value of the σ field v cl in the chiral limit via
There is no separate prediction for the two quantities µ and λ and, therefore, the mass of the σ meson in the chiral limit m cl σ = √ 2µ remains undetermined. This also is a well known fact for the electroweak Higgs boson, where instead of the σ field we have to consider the Higgs field and instead of the pions three Goldstone bosons which are absorbed into the longitudinal components of the electroweak gauge bosons. Symmetry breaking described through a Mexican hat potential is customarily named spontaneous symmetry breaking for obvious reasons. The parameter λ of the selfinteraction term is related to the coupling constants entering into the NJL model via
The r.h.s. relation can be derived by expressing the σ meson mass in the chiral limit in the NJL model on the one hand and in LσM on the other.
LσM :
The SU(2) L × SU(2) R symmetry of the LσM is explicitly broken if the potential V (σ, π) is made slightly asymmetric by the addition of the explicitly symmetry breaking term given in (22) . This leads to the vacuum expectation value v σ [35] 
where v may be identified with the pion decay constant f π . The mass of the σ meson may be written in the form [34] 
This equation (31) does not predict the σ meson mass as long as the self-coupling parameter is undetermined. However, we have seen that the pion-quark coupling g is given by
leading to the self-coupling constant
and to the mass parameter
4 Experimental confirmation of the predicted constituentquark and σ-meson masses
The magnetic moment, the electromagnetic polarizabilities and the mass are fundamental structure constants of the nucleon. On a quark level these structure constants are closely related to each other. For the magnetic moment and the mass this appears to be straightforward and well known (see e.g. [36] and references therein). For the electromagnetic polarizabilities this insight is new and has been explored in detail in recent papers (see [9] ). The main discovery is that the σ meson as part of the constituent-quark structure has two important properties. On the one hand the σ meson mediates the interaction between the three quarks in the nucleon and theqq pairs in the QCD vacuum. On the other hand the σ meson has the property of coupling to two photons. As a consequence of this the σ meson participates in the Compton scattering process and thus makes a dominant contribution to the electric polarizability and takes care of the total diamagnetic polarizability. Additional contributions to the Compton scattering amplitudes and the electromagnetic polarizabilities are provided by nonresonant and resonant excitation processes of the nucleon. These latter contributions can be calculated with high precision from photomeson CGLN amplitudes [37] . As a consequence it becomes possible to precisely test the predictions of the contribution the σ meson to the Compton scattering amplitude and to the polarizabilities. This also leads to a test of the predicted structure of the σ meson.
The magnetic moment of the nucleon
It was one of the first evidences for the validity of the constituent-quark model that it allows to correctly predict magnetic moments of the nucleon. However, since there were no predictions of the constituent-quark masses these quantities were determined by adjusting the predicted magnetic moment for the proton to the experimental value. Using these constituent-quark masses for a prediction of the magnetic moment of the neutron a good but not perfect agreement with the experimental value was obtained. The remaining discrepancy observed for the neutron led to the supposition that there also should be a component due to meson exchange currents or configuration mixing in the nucleon [38] .
Our procedure is different from these previous approaches and was first described in a recent paper [38] . Our new approach makes use of the constituent-quark masses predicted by the NJL model on an absolute scale. This procedure led to an excellent agreement simultaneously for the neutron and the proton but also leaves room for some residual discrepancy of the order of 1 -2 % which tentatively may be attributed to meson exchange currents or configuration mixing [38] . For sake of completeness we present an update of our previous considerations.
Symmetry considerations including the color degree of freedom lead to the conclusion that the spins of identical constituent quarks are parallel to each other. Then the coupling of spin S=1 of the two identical constituent quarks to S=1/2 of the nonidentical constituent quark leads to two contributions to the total spin of the nucleon, as requested by the Clebsch-Gordan coefficients. Then the magnetic moments of the nucleons are given by
in units of the nuclear magneton µ N = e /2m p . Constituent-quark masses enter through the relations
On the basis of these equations we attempt a parameter-free prediction of the magnetic moments of the nucleon. From the mass of the σ meson m σ = 666 MeV we obtain
where use is made of the fact that m d − m u has been determined to be approximately 4 MeV [33] . This leads to the magnetic moments of the quarks
and to predicted magnetic moments of the nucleon
Comparing these values with the experimental magnetic moments of the nucleon
we arrive at the very small differences ∆µ = µ exp − µ theor of ∆µ p = −0.038, ∆µ n = −0.038.
These differences are the same for the proton and the neutron and amount to |(∆µ/µ) p | = 1.4% and |(∆µ/µ) n | = 2.0%, respectively. The interesting conclusion is that the NJL model predicts constituent quark masses which lead to predictions of magnetic moments of the nucleon on a 1 -2% level of agreement with the experimental values. We consider this as a first firm confirmation of the predicted constituent-quark masses. A second confirmation is provided by Compton scattering and the polarizabilities of the nucleon as described in the next subsection.
The constituent quark masses m u = 331 MeV and m d = 335 MeV are the same as the mass parameters used in other work [36] , i.e. m u = 330 MeV and m d = 335 MeV. The difference between our present work and [36] is that our numbers are derived on an absolute scale by applying the NJL model.
Compton scattering and polarizabilities of the nucleon
A nucleon in an electric field E and magnetic field H obtains an induced electric dipole moment d and magnetic dipole moment m given by
in a unit system where the electric charge e is given by e 2 /4π = α em = 1/137.04. Eqs. (43) and (44) may be understood as the response of the nucleon to the fields provided by a real or virtual photon and it is evident that we need a second photon to measure the polarizabilities. This may be expressed through the relation
where H (2) is the energy change in the electromagnetic field due to the presence of the nucleon in the field.
For particles with a spin spinpolarizabilities have to be taken into account. These quantities differ from the polarizabilities by the fact that the two photons measuring these quantities are in perpendicular planes of linear polarization. In this case γ 0 denotes the spinpolarizability for Compton scattering in the forward direction and γ π the spinpolarizability for Compton scattering in the backward direction.
Diagrammatic representation of Compton scattering
The method of predicting polarizabilities is based on dispersion theory applied to partial photoabsorption cross-sections. Nevertheless, it is of interest for illustration to show the Compton scattering process in terms of diagrams as carried out in Figure 1 . We see that in addition to the nonresonant single-pion channel (b) and the resonant channel (c) is the well-known pseudoscalar t-channel graph where in addition to the dominant π 0 pole contribution also the small contributions due to η and η ′ mesons are taken into account. Graph f) depicts the scalar counterpart of the pseudoscalar pole term e). At first sight these scalar pole-terms appear inappropriate because the scalar particles and especially the σ meson have a large width when observed on shell. However, this consideration overlooks that in a Compton scattering process the scalar particles are intermediate states of the scattering process where the broadening due to the ππ final state is not effective. This leads to the conclusion that the scalar pole terms indeed provide the correct description of the scattering process.
Predicted polarizabilities obtained for the s-channel
Using sum rules (see [9] ) and applying them to photoabsorption cross sections the polarizabilities and spinpolarizabilities given in Table 1 are obtained. Lines 2 contain the contributions of the P 33 (1232) nucleon resonance. This resonance is exited from the ground state via a spin-flip transition and thus is the main source of paramagnetism of the nucleon. The nonresonant electric-dipole contribution due to the E 0+ CGLN amplitude is given in line 3. For the electric polarizability this corresponds to the main part of the "pion-cloud" contribution. Line 4 contains the total s-channel contribution. Contributions to the polarizabilities stemming from the mesonic structure of the constituent quarks enter into dispersion theory via the t-channel. The main parts of these t-channel contributions are due to the π 0 meson in case of the spinpolarizability γ π and due to the σ meson in case of the electromagnetic polarizabilities α and β. For the present article the results obtained for the σ meson are of special interest because they contain a direct proof that the σ meson as part of the constituent-quark structure is well understood.
The main part of the t-channel component of the backward spinpolarizability is given by
Analogously, we obtain for the main t-channel parts of the electric (α) and magnetic (β) polarizabilities the relations
where use is made of g πN N = g σN N = 13.169 ± 0.057 [39] and m σ = 666 MeV as predicted by the NJL model. The sign convention used in thestructure of the π 0 meson follows from [40] . It has the advantage of correctly predicting the sign of the π 0 -pole contribution. These main contributions to the polarizabilities α, β and γ π have to be supplemented by the s-channel components and by the small components due to the scalar mesons f 0 (980) and a 0 (980) in case of the polarizabilities α and β and due to the pseudoscalar meson η and η ′ in case of γ π .
The numerical evaluation of these contributions has been described in detail in previous papers [41, 42] . Here we give a summary of the final predictions and the experimental values to compare with in Table 2 and 3.   Table 2 : Backward spinpolarizabilities for the proton and the neutron [43] and Table 1 spin polarizabilities γ Table 2 we find an excellent agreement between the experimental and predicted backward spinpolarizabilities. This proves that both, the experimental and theoretical procedures are correct.
The most interesting feature of the polarizabilities given in Table 3 is the strong cancellation of the paramagnetic polarizabilities which is mainly due to the P 33 (1232) resonance by the diamagnetic term which is solely due to the constituent-quark structure. This constituent-quark structure component is mainly due to the σ-meson pole contribution with minor corrections due to the f 0 (980) and a 0 (980) scalar mesons. The predictions obtained for these latter contributions take into account the information we have from the two-photon width but remain uncertain to some extent. Therefore, it may be appropriate not to include the respective predictions into the final result. The effects of these two options may be seen in line 7 of Table 3 where the numbers in parentheses do not include the contributions from the f 0 (980) and a 0 (980) scalar mesons. Apparently the effects of the f 0 (980) and a 0 (980 scalar mesons are small and do not lead to a major uncertainty in the predictions as stated before.
A further interesting conclusion concerns the two-photon width of the σ mesons which can be calculated from the data given in (48). Given the σ meson mass of 666 MeV the amplitude for the σ → γγ decay for N c = 3 and f π = 92.42 ± 0.26 MeV is
and the decay width
From Table 3 we obtain that the predicted and the experimental electric polarizabilities α p of the proton are in excellent agreement with each other. Furthermore, the experimental quantity α p has an experimental error of ±5% which may be used to calculated the experimental error of the two-photon width Γ γγ of the σ mesons. This rather straightforward consideration leads to Γ γγ = 2.6 ± 0.3 keV [7] . This result obtained from the quark model and from the electric polarizability α p of the proton is in agreement with the two-photon width extracted from data on the γγ → ππ reaction [7] , leading to a further proof that the present quark model description of the structure of the σ meson is correct.
Interference between nucleon and constituent-quark structure Compton scattering
The most direct observation of the σ meson as part of the constituent-quark structure has been achieved via Compton scattering by the nucleon carried out in the photon energyrange between 400 and 700 MeV at the electron accelerator MAMI (Mainz) [5, 6] . In this energy range the differential cross section for Compton scattering by the nucleon is dominated by an interference effect between a contribution from the P 33 (1232) resonance and the σ meson pole contribution. The predicted σ meson pole contribution depends on the σ meson mass entering into the calculation. This means that the mass of the σ meson can be determined by adjusting the predicted Compton differential cross-section to the experimental one.
This will be carried out in the following by investigating the energy dependence of the polarizabilities (α − β). The results obtained are shown in the left panel of Figure 2 . It is clearly demonstrated that there is a constructive interference in the energy range from 400 to 700 MeV between the contribution from the P 33 (1232) resonance and from the t-channel due to the σ meson as part of the constituent-quark structure. The sum of the two contributions depends on the mass of the σ meson assumed in the calculation and, therefore, may be used for a determination of the σ-meson mass m σ from the differential cross section for Compton scattering. This is outlined in the right panel of Figure 2 where the effects of the σ-meson mass are most prominent in the backward direction, as expected. The best agreement is obtained for m σ = 600 ± 70 MeV, being compatible with The three panels contain data corresponding to the cm-angles of 75
• , 90
• and 125
• . The three curves are calculated for different mass parameters m σ = 800 MeV (upper, dark grey or red), 600 MeV (center, grey or green) and 400 MeV (lower, light grey or blue). our present knowledge of the "bare" mass of the σ meson. As pointed out before [7] the experimental data shown in Figure 2 may be interpreted as a direct observation of the σ meson while being part of the constituent-quark structure. Furthermore, this experiment provides us with the first and only direct determination of the "bare" mass of the σ meson, whereas in all the other observations of the σ meson the Breit-Wigner parameters or the position of the pole on the second Riemann sheet are determined.
The masses of nucleons and nuclei
When we speak of the mass of visible matter we have to consider the masses of nuclei and how they are composed of nucleons, and the masses of nucleons and how they are composed of constituent quarks. Nuclei and nucleons have in common that they contain particles which are held together by interparticle forces. In case of nuclei these internucleon forces are of mesonic origin where the largest attractive part is provided by the σ meson. In addition there are minor effects due to Coulomb forces acting between protons. In case of nucleons we have two components one mesonic component analogous to the nuclear case [2] and one gluonic component provided by the color charges of the quarks. Furthermore, minor effects due to Coulomb forces are expected. The color charges are responsible for one essential difference between nuclei and nucleons. In case of nuclei the nucleons can be extract from the nucleus if the energy transfer is high enough. This is different in case of nucleons where the color charges lead to confinement. Single quarks cannot be extracted from the nucleon but only quark-antiquark pairs bound together to form a meson. At low energies these mesons are pions.
Except for a binding energy the mass of the nucleus is given by the masses of the nucleons. In extended nuclei the binding energies amount to 8 MeV per nucleon on the average. For the light nuclei He. This result is very plausible because of the smaller distances in the nucleon and because of gluonic components in the inter-quark forces. In a tentative attempt to understand the difference of the numbers obtained for B/A in the proton and the neutron we write down the interquark Coulomb energy in the form U = i,j,i =j e i e j r ij α em c.
Then, with r ij ≈ 0.3 fm we arrive at U p ≈ 0 MeV and U n ≈ −1.6 MeV. This tentative consideration explains the difference of the B/A values for the proton and the neutron as being partly due to a Coulomb attraction in the neutron. Though there is no complete interpretation of the B/A values given in Table 4 , the smallness of these residual mass contributions demonstrates that on the whole the masses of the nucleons are quantitatively predicted by the JNL model on a high level of precision.
Discussion and conclusions
In the foregoing we have shown that chiral symmetry breaking as provided the NJL model simultaneously explains the fundamental structure constants of the nucleon, viz. the magnetic moment, the electromagnetic polarizabilities and the mass. The magnetic moment and the electromagnetic polarizabilities are used as a proof that the predictions obtained for the constituent-quark masses are correct. These constituent-quark masses, when added together reproduce the experimental nucleon mass except for a binding energy of ∼ 20 MeV per constituent quark. This very satisfactory result proves that the concept of mass generation as provided by the NJL model is correct.
The discovery of the electroweak Higgs boson has led to models of the vacuum where an overall Higgs field is assumed to exist. For a mass of the Higgs boson of 126 GeV this Higgs field is expected to be elementary, i.e. not composed of fermion-antifermion pairs. The reason for this conclusion is that Higgs bosons composed of tt pairs or techniquarkantitechniquark pairs are predicted to have higher masses. In parallel to this, for the strong-interaction counterpart an overall σ field may be assumed to exist in the QCD vacuum which is composed uū and dd pairs forming the structure σ = 1/ √ 2(uū + dd). Then the generation of the mass of the constituent quarks may be understood in terms acondensate attached to the current quarks. In this condensate thepairs are ordered to form mesons, like the π meson isospin triplet and the σ meson.
